ABSTRACT: Equine protozoal myeloencephalitis is a major cause of neurological disease in horses from the Americas. Horses are considered accidental intermediate hosts. The structure of sporocysts of the causative agent, Sarcocystis neurona, has never been described. Sporocysts of S. neurona were obtained from the intestines of a laboratory-raised opossum fed skeletal muscles from a raccoon that had been fed sporocysts. Sporocysts were 11.3 by 8.2 m and contained 4 sporozoites. The appearance of the sporocyst residuum was variable. The residuum of some sporocysts was composed of many dispersed granules, whereas some had granules mixed with larger globules. Excystation was by collapse of the sporocyst along plates. The sporocysts wall was composed of 3 layers: a thin electron-dense outer layer, a thin electron-lucent middle layer, and a thick electron-dense inner layer. The sporocyst wall was thickened at the junctions of the plates. Sporozoites were weakly motile and contained a centrally or posteriorly located nucleus. No retractile or crystalloid body was present, but lipidlike globules about 1 m in diameter were usually present in the conoidal end of sporozoites. Sporozoites contained 2-4 electron-dense rhoptries and other organelles typical of coccidian zoites. Sporozoites entered host cells in culture and underwent schizogony within 3 days.
Equine protozoal myeloencephalitis caused by Sarcocystis neurona is a major neurological syndrome of horses in the Americas (Dubey, Lindsay, Saville et al., 2001) . The parasite was known since the early 1960s but was not named until 1991 when it was isolated and grown in cell culture (Dubey et al., 1991) . Horses are considered accidental hosts, and no S. neurona sarcocyst stage has been described in their tissues. This study was conducted to describe the structure of S. neurona sporocysts from an experimentally infected definitive host, the Virginia opossum, Didelphis virginiana. This is important because the structure of known S. neurona sporocysts has not been reported previously, and the opossum is the definitive host for at least 4 species of Sarcocystis. In addition, we describe the features of excystation and the ultrastructure of S. neurona sporozoites.
MATERIALS AND METHODS

Sporocysts and excystation
Sporocysts of the S. neurona SN-37R isolate (Sofaly et al., 2002) were obtained from the intestines of an opossum OHS 30 fed raccoon 2-1 on 14 December 2001. Sporocysts were mixed in at equal volumes of 1.5% (w/v) sodium taurocholic acid in Hank's balanced salt solution without calcium and magnesium to contain a final concentration of 0.75% (w/v) sodium taurocholic acid. The suspension was then incubated at 37 C in a water bath and examined at 15-min intervals for at least 1 hr. Sporocysts were examined using an Olympus BX60 microscope equipped with differential contrast optics and a digital camera. Measurements were obtained from 40 sporocysts using oil emersion and a calibrated ocular micrometer.
Scanning and transmission electron microscopy
For scanning electron microscopy (SEM), suspensions of sporocysts not processed for excystation were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer. Samples were washed twice with 0.1 M sodium phosphate buffer (pH 7.4) by centrifugation. Approximately 0.5-0.7 ml of resuspended sporocyst solution was transferred to a 0.2-m polycarbonate filter (Nucelepore, Pleasonton, California) using a 1-ml syringe with positive pressure. The membrane filter disc with attached sporocysts was placed in a petri dish and postfixed with 1% osmium tetroxide in 0.1 M phosphate buffer for 1 hr, washed with 0.1 M phosphate buffer, and dehydrated in a series of ethanols and the Ladd critical point dryer.
Samples were then mounted on aluminum stubs, coated with gold (approximately 400 nm) in an SPI module sputter coater, and examined with a Phillips 505 scanning electron microscope operating at 30 kV. For transmission electron microscopy (TEM), suspensions of excysted sporocysts, intact sporocysts, and sporozoites were pelleted by centrifugation. The pellet was fixed in 3% (v/v) glutaraldehyde in phosphate-buffered saline (pH 7.4). Cell pellets were postfixed in 1% (w/v) osmium tetroxide in 0.1 M phosphate buffer, dehydrated in a series of ethanols, passed through 2 changes of propylene oxide, and embedded in Poly/Bed 812 resin (Polysciences Inc., Warington, Pennsylvania). Thin sections were stained with uranyl acetate and lead citrate and examined with a Zeiss 10CA TEM operating at 60 kV. Digital images were captured using an ATM camera system (Advanced Microscopy Techniques Corp., Danvers, Massachusetts).
Cell culture
African green monkey (Cercopithecus aethiops) kidney cells (CV-1 cells, ATTC CCL-70, American Type Culture Collection, Manassas, Virginia) were grown to confluence in 25-cm 2 plastic cell culture flasks in growth media that consisted of 10% (v/v) fetal bovine serum in Roswell Park Memorial Institute 1640 medium supplemented with 100 U penicillin G/ml and 100 mg streptomycin/ml. Cell cultures were incubated at 37 C in a humidified atmosphere containing 5% CO 2 and 95% air. Development of sporozoites was studied using methods described previously for S. neurona merozoites (Lindsay et al., 1999) . Cell cultures were inoculated with an undetermined number of sporozoites and examined 24, 54, 60, 72, 77 , and 96 hr postinoculation (PI). Fully sporulated oocysts and sporocysts present in intestinal contents of the opossum. Oocyst wall thin and collapsed around sporocysts; oocyst residuum and polar granules absent; 2 sporocysts in each oocyst; sporocysts elongate ellipsoidal 11.3 Ϯ 0.47 m by 8.2 Ϯ 0.43 m (range, 11-12 m by 7-9 m) (Figs. 1-4); length-width ratio 1.4 Ϯ 0.07 (range, 1.2-1.5); stieda body absent; sporocysts contain 4 sporozoites arranged lengthwise; sporocyst residuum present and variable, residuum of some sporocysts composed of many dispersed granules, whereas some had granules mixed with larger globules; some FIGURES 1-7. Differential contrast photomicrographs of Sarcocystis neurona oocysts, sporocysts, and sporozoites. Bar ϭ 5.0 m. 1. Intact oocyst. Note the thin oocyst wall (arrowheads) and the 2 sporocysts. A large residuum (R) is present in each sporocyst. Sporozoites (S) are visible in each sporocyst. 2. Individual sporocyst demonstrating a large sporocyst residuum (R). 3. Individual sporocyst demonstrating a dispersed sporocyst residuum. 4. Excysted oocyst. Note the oocyst wall (arrowhead), the sporocyst wall plates (arrow), and the sporozoites (S) . 5. Sporozoite with a centrally located nucleus (arrow). 6. Crescentshaped sporozoite. 7. Crescent-shaped sporozoite with a centrally located nucleus (arrow).
RESULTS
Description
intact oocysts had sporocysts with both types of sporocyst residua.
Asexual stages: Schizonts in neural and other tissues of intermediate and aberrant hosts. Sarcocysts in skeletal muscles of intermediate hosts.
Sexual stages: Microgamonts, macrogamonts, and oocysts in cells in the lamina propria of the opossum definitive host.
Type definitive host: Virginia opossum, D. virginiana (see Fenger et al., 1995; Dubey and Lindsay, 1998) .
Other definitive hosts: Didelphis albiventris (see Dubey, Lindsay, Kerber et al., 2001 Dubey et al., 2000) .
Other intermediate hosts: Nine-banded armadillos, Dasypus novemcinctus (see Cheadle, Tanhauser et al., 2001) ; striped skunks, Mephitis mephitis (see Cheadle, Yowell et al., 2001 ); raccoons, Procyon lotor (see Dubey, Saville et al., 2001) ; and sea otters, Enhydra lutris (see Dubey, Rosypal et al., 2001) .
Type locality: Syntypes deposited in the United States National Parasite Collection (USNPC), Beltsville, Maryland. USNPC 18450 were from a horse from Ohio (Dubey et al., 1974) .
Other localities: All of the Americas were Didelphis species are present.
Material deposited: Phototype (see Bandoni and Duszynski, 1988) of sporulated S. neurona sporocysts are deposited in the USNPC. USNPC 092921.00. Formalin-fixed sporocysts deposited as USNPC 092920.00. Histologic section of tongue from an experimentally infected cat containing S. neurona sarcocysts (Dubey et al., 2000) deposited as USNPC 092918.00.
Remarks
Sarcocystis neurona was originally described from schizonts and merozoites present in neural tissues of horses (Dubey et al., 1991) . The opossum was later identified as the definitive host (Fenger et al., 1995; Dubey and Lindsay, 1998) . Later, cats (Dubey et al., 2000) and striped skunks (Cheadle, Yowell et al., 2001 ) were found to be suitable experimental intermediate hosts, and nine-banded armadillos , raccoons (Dubey, Saville et al., 2001) , and sea otters (Dubey, Rosypal et al., 2001 ) were found to be natural intermediate hosts.
Cheadle, Dame et al. (2001) examined sporocysts of several species of Sarcocystis from naturally infected D. virginiana. They used molecular methods to determine which species of Sarcocystis was present, and they indicated that the sporocysts of S. neurona were 10.7 by 7.0 m. This is smaller than the 11.3-by 8.2-m measurements we report in the present study of experimentally produced S. neurona sporocysts.
Excystation
Excystation occurred within 15 min. The percent excystation was not determined, but it was estimated at 10-20% by 1 hr. Sporozoites were released from sporocysts by collapse of the sporocyst wall along platelike junctions (Fig. 4) . Excysted sporozoites were crescent shaped (Figs. 5-7) and weakly or nonmotile in the excystation solution. The nucleus was in the posterior one-half of the sporozoite. No typical coccidial refractile body was present in sporozoites. However, many sporozoites contained 1 or more granules about 1 m in diameter. These granules were usually in the anterior portion of the sporozoites.
In vitro cultivation
Sporozoites were seen inside CV-1 cells at 24 hr. Developmental stages were usually adjacent to the host cell nucleus. At 54 and 60 hr, the sporozoite nucleus became enlarged and a few early schizonts were seen at 60 hr PI. Mature schizonts with merozoites were identified 72 days PI. Numerous schizonts were present 96 days PI. Development was asynchronous.
Ultrastructure
The junctions of sporocyst wall plates were readily observed using SEM (Fig. 8) . The sporocyst wall was composed of 3 layers ( Fig. 9) : an electron-dense outer layer that was thin and often difficult to observe, an electron-lucent middle layer that was 50 Ϯ 9 nm (N ϭ 8), and an electron-dense inner layer that was 135 Ϯ 16 nm (N ϭ 7). The wall was thickened to 242 Ϯ 35 nm (N ϭ 12) at the junction of the plates, and a liplike extension of the inner portion of the sporocyst wall was present at the junction (Fig. 9) .
When viewed using TEM, sporozoites contained 2-4 electron-dense rhoptres and other organelles typical of coccidian zoites (Figs. 10-12 ). Sporozoites were 1.7 Ϯ 0.2 m (N ϭ 15) wide in the region of the nucleus. Micronemes and dense granules were more numerous in the anterior portion of the sporozoites. Lipidlike bodies were observed in many sporozoites (Figs. 10, 11 ). They were usually anterior to the nucleus and were 0.3-0.9 m in diameter. If more than 1 lipidlike body was present, then they could be found anterior and posterior to the FIGURE 9. Transmission electron photomicrograph of a sporocyst wall of Sarcocystis neurona. Note the thin outer electron-dense layer (arrowhead), the thin electron-lucent middle layer (arrow), and the thick electron-dense inner layer (IW). Note the liplike extension at the sporocyst wall plate at the junction (J). Bar ϭ 500 nm.
nucleus. The posterior portion on many sporozoites contained a posterior pore (Fig. 10) .
DISCUSSION
Sarcocystis neurona is unusual in that molecular means of diagnosis were developed for its sporocysts before its life cycle was elucidated (Tanhauser et al., 1999) . The opossum is a definitive host for at least 4 named species of Sarcocystis, and these molecular tools were extremely useful in determining the natural intermediate hosts of S. neurona. Cheadle, Dame et al. (2001) found 5 structural types of sporocysts in naturally infected Virginia opossums. They commented that the appearance of the sporocysts residuum was variable in the species they studied. This is in agreement with our description of the variable appearance of the residuum of S. neurona sporocysts from an experimentally infected opossum.
The excystation process of S. neurona sporocysts is similar to that described for other Sarcocystis species (Box et al., 1980; Cawthorn et al., 1986; Strohlein and Prestwood, 1986) . This mode of excystation is present in all isosporid coccidia that lack a Steida body in their sporocysts (see Lindsay et al., 1997) . Murphy and Mansfield (1999) used a mechanical method of shearing sporocysts between glass slides to excyst sporocysts of S. neurona and S. falcatula. They did not report observations on the mode of induced excystation or structure of excysted sporozoites.
Few reports exist on the ultrastructure of sporozoites of Sarcocystis species. The sporozoites of S. cruzi have crystalloid bodies but not refractile or lipidlike bodies (Dubey et al., 1989) . Speer and Dubey (2001) described the structure of S. neurona merozoites and Dubey, Lindsay, Fritz et al. (2001) described the structure of S. neurona bradyzoites. Sarcocystis neurona bradyzoites contained approximately 2 rhoptries (Dubey, Lindsay, Fritz et al., 2001 ), whereas S. neurona sporozoites contained 2-4 rhoptries in the present study, and S. neurona merozoites do not have rhoptries (Speer and Dubey, 2001 ). Lipidlike bodies are present in both sporozoites and merozoites and probably bradyzoites as are all other organelles typical for coccidial invasive stages. Speer, Whitmire et al. (1986) were the first to obtain schizogony of a Sarcocystis species (S. cruzi) in cell culture from sporozoites. They determined that host cell type was a limiting factor in the development of sporozoites. Since that time, others have conducted similar studies with sporozoites of other Sarcocystis species Jakel et al., 1997; Murphy and Mansfield, 1999) . Andrews et al. (1990) were the first to demonstrate that some Sarcocystis species could develop continuously in cell cultures. Lindsay et al. (1999) described the in vitro development of S. neurona merozoites and compared it with that of merozoites of S. falcatula. Murphy and Mansfield (1999) achieved successful development of S. neurona sporozoites to schizonts in an equine dermal cell line using sporozoites that were excysted using mechanical pressure. They did not describe the time of appearance or structure of schizonts. Sporozoites of S. neurona excysted using the more traditional methods employed in the present study were able to penetrate and develop in CV-1 cells in the present study. The timing and appearance of S. neurona schizonts using sporozoites as inoculum were similar to our previous studies using merozoites as inoculum (Lindsay et al., 1999) . 
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